Fourteen uranyl ion complexes have been obtained from reaction of 1,2-1,3-, or 1,4phenylenediacetic acids (1,2-1,3-, or 1,4-H2PDA) with uranyl nitrate under solvo-hydrothermal conditions and in the presence of diverse additional metal ions and/or N-donor chelating or macrocyclic species. The complexes [UO2(1,2-PDA)(bipy)]CH3CN (1), [UO2(1,2-PDA)(phen)] (2), [UO2(1,3-PDA)(bipy)] (3), and [UO2(1,3-PDA)(phen)] (4), where bipy = 2,2ʹ-bipyridine and phen = 1,10-phenanthroline, crystallize as simple monoperiodic (1D) coordination polymers with slightly variable geometry and mode of association through weak interactions. Complex 5, [H2-2.2.2][(UO2)2(1,2-PDA)3]CH3CN, containing diprotonated [2.2.2]cryptand, crystallizes as a ladderlike 1D polymer, while [NH4]6[Ni(H2O)6]2[(UO2)4(1,2-PDA)6]2[(UO2)4(1,2-PDA)5(H2O)4] (6) contains both a heavily corrugated 1D subunit and a discrete, tetranuclear anionic complex. The three complexes [Cu(bipy)2(NO3)][UO2(1,2-PDA)(NO3)] (7), [Ag(bipy)2][UO2(1,2-PDA)(NO3)] (8), and [Ag(bipy)2][UO2(1,4-PDA)(NO3)] (9) display 1D arrangements close to those in complexes 1-4 due to the presence of terminal nitrate ligands. The heterometallic complex [UO2Pb(1,3-PDA)2(phen)] (10) crystallizes as a diperiodic (2D) network built from 1D ribbons arranged in roof-tile fashion and connected to one another by Pb-O(oxo) links. [(UO2)2Pb2(1,4-PDA)3(HCOO)2(phen)2] (11) displays 1D triple-stranded (UO2)2(1,4-PDA)3 2subunits assembled into a corrugated 2D polymer by double rows of Pb(HCOO)(phen) + bridges. [Zn(bipy)3][(UO2)2(1,2-PDA)(1,4-PDA)2]H2O (12) contains two phenylenediacetate isomers and displays zigzag chains linked to one another by dinuclear rings to give a 2D assembly containing large, elongated decanuclear rings. The two complexes [Cu(R,S-Me6cyclam)][UO2(1,3-PDA)(NO3)]2 (13) and [Ni(cyclam)][(UO2)2(1,3-PDA)3] (14), where cyclam = 1,4,8,11tetraazacyclotetradecane and R,S-Me6cyclam = 7(R),14(S)- 5,5,7,12,12,14-hexamethylcyclam, are a 1D polymer analogous to 7-9 and a 2D species containing triple-stranded subunits similar to those in 11, respectively. These and previous results show that the phenylenediacetate ligands have a strong propensity to give 1D polymers with uranyl ion, which can only be partially overcome through the incorporation of additional metal cations, either bound to N-donors to form bulky, structure-directing counterions, or part of heterometallic polymers.
INTRODUCTION
Polycarboxylates have been widely investigated as ligands for uranyl ion and the variety of the structural chemistry revealed is quite remarkable. [1] [2] [3] [4] [5] Within this variety, however, uranium(VI), as uranyl ion derivatives, is most often in coordination environments idealized as either pentagonal-or hexagonal-bipyramidal. These are coordination modes rarely found outside the actinide elements, and they give rise to many unique features in the structural chemistry of uranyl complexes. One consequence, a drawback in regard to the creation of triperiodic networks, is the quasi-planar geometry of many polymeric assemblies based on this cation, 6 and it is thus of interest to define ways in which the periodicity of such assemblies may be modulated. Uranyl ion has a great affinity for carboxylate ligands, 3 which provide a wide scope for exploration since, apart from the sheer diversity of available carboxylate derivatives, the carboxylate entity is a versatile donor and is found in uranyl ion complexes in  1 O,  2 O,O', 2-
coordination is relatively rare and largely associated with but the simplest carboxylate, formate. [7] [8] [9] The next simplest carboxylate, acetate, has long been known to provide tris(acetato) species in which the uranium cation is in hexagonal bipyramidal coordination and the acetate is chelated to uranium but also bridges to sodium (2- 2 O,O': 1 O' mode), [10] [11] [12] thus suggesting a path to increase periodicity through the introduction of additional cations. Although trischelation is also frequent with polycarboxylates, the wide range of coordination modes and secondary interactions depending on the ligand geometry, as well as sensitivity to structuredirecting effects, leave much room for the formation of variously shaped molecular assemblies or polymeric architectures. During our investigation of uranyl complexes with flexible dicarboxylic acids in the presence of a variety of counterions, [13] [14] [15] we have recently shown that the three positional isomers of phenylenediacetic acid, when associated with counterions of the form [M(L)n] q+ , in which M = transition metal cation, L = 2,2ʹ-bipyridine (bipy) or 1,10-phenanthroline (phen), n = 2 or 3, and q = 1 or 2, gave uranyl ion complexes crystallizing as mono-or diperiodic (denoted 1D or 2D for convenience) assemblies, the 1D polymers displaying in some cases a tubelike geometry. 16 In order to investigate more fully the structuredirecting role of counterions or coligands with this family of closely related phenylenedicarboxylates, and the possible differences related to the isomeric form chosen, we have now synthesized 14 complexes which have been characterized by their crystal structure and, in most cases, their emission spectrum in the solid state. These complexes incorporate either only the N-donors bipy and phen as coligands on uranium, or involve counterions such synthesized as previously reported. 17, 18 Elemental analyses were performed by MEDAC Ltd. at Chobham, UK. For all syntheses, the mixtures in demineralized water/organic solvent were placed in 10 mL tightly closed glass vessels and heated at 140 °C under autogenous pressure.
A summary of the reactants used in each case is given in Table 1 . Crystallography. The data were collected at 100(2) K on a Nonius Kappa-CCD area detector diffractometer 19 using graphite-monochromated Mo K radiation ( = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of -and -scans with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000. 20 Absorption effects were corrected empirically with the program SCALEPACK. 20 The structures were solved by intrinsic phasing with SHELXT, 21 expanded by subsequent difference Fourier synthesis and refined by fullmatrix least-squares on F 2 with SHELXL, 22 using the SHELXle graphical user interface. 23 All non-hydrogen atoms were refined with anisotropic displacement parameters. When present, the hydrogen atoms bound to oxygen and nitrogen atoms were retrieved from difference Fourier maps (see below for details), and the carbon-bound hydrogen atoms were introduced at calculated positions. Except when mentioned below, all hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Crystal data and structure refinement parameters are given in Table 2 . The molecular plots were drawn with ORTEP-3, 24 and the polyhedral representations with VESTA. 25 The topological analyses and nodal representations were made with TOPOS. 26 Special details are as follows.
Complex 5. The hydrogen atoms bound to nitrogen atoms were found on a difference Fourier map and their positions were refined with restraints. The value of the refined Flack parameter is 0.014 (6) .
Complex 6. Restraints on displacement parameters were applied for some oxygen atoms of water ligands. The hydrogen atoms bound to nitrogen atoms were found on a difference Fourier map, but not those of the water molecules. Large voids in the structure indicate the presence of other, unresolved solvent molecules.
Complex 10. The phen molecule is probably affected by disorder, but this could not be modelled properly and restraints on one bond length and displacement parameters had to be applied.
Complex 11. The oxygen atoms of the formate anion are disordered over two positions which were refined with occupancy parameters constrained to sum to unity and restraints on displacement parameters.
Complex 12. The solvent water molecule (O17) is disordered over two positions which were refined with occupancy parameters constrained to sum to unity, and its hydrogen atoms were not found.
Complex 13. The nitrate anion is disordered over two positions sharing the two coordinated oxygen atoms, which have been refined with occupancy parameters of 0.5, restraints on bond lengths and imposed planar geometry.
Complex 14. The value of the refined Flack parameter, 0.368 (11) , is indicative of 2component inversion twinning. Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp, double-grating excitation and emission monochromators (2.1 nm/mm of dispersion; 1200 grooves/mm) and a TBX-04 single photon-counting detector. The powdered compounds were pressed to the wall of a quartz tube, and the measurements were performed using the right-angle
mode. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm. The quantum yield measurements were performed by using a Hamamatsu Quantaurus C11347 absolute photoluminescence quantum yield spectrometer and exciting the samples between 300 and 400 nm.
RESULTS AND DISCUSSION
Synthesis. All complexes were synthesized under solvo-hydrothermal conditions, at a temperature of 140 °C (the crystals depositing at this temperature), and both acetonitrile and N,N-dimethylformamide (DMF) were systematically tested as organic cosolvents, their use allowing rapid and complete dissolution of the reactants. Overall, crystallization with acetonitrile cosolvent was more successful, since complexes 10-12 only were obtained with DMF. However, the organic cosolvent is rarely directly apparent in the final compound, with only two complexes (1 and 5) crystallizing as acetonitrile solvates, while complex 6 contains ammonium ions presumably derived from acetonitrile hydrolysis and complex 11 incorporates formate ligands generated by DMF hydrolysis. The relatively slow hydrolysis reaction of acetonitrile is presumably one factor contributing to the long reaction period required for deposition of complex 6. Given the lability of the metal ions present in all the syntheses, however, it is clear that crystallisation of the complexes is the rate determining step. So as to favour the occurrence of structure-directing effects exerted by counterions or additional cations on an anionic uranyl complex, the uranium/dicarboxylate ligand ratio was 7:10 in all cases except for 3 and 4 (which were intended to include neutral bipy or phen coligands). However, only in compounds 5, 11, 12 and 14 is the expected 2:3 ratio retained, a 1:1 ratio being found in 1-4, 7-9 and 13, 1:2 in 10, and a much more unusual 12:17 ratio in 6. When present, the counterions are separate from the anionic uranyl-containing polymeric species, but for lead(II) which is part of the polymer in complexes 10 and 11. These two types of arrangements were previously found in uranyl complexes with long-chain aliphatic ,-dicarboxylates, in which the second geometry was however more frequent. 27 In complex 1, the 1,2-PDA 2ligand is close to C2 symmetry and it has its two carboxylate groups pointing to different sides of the aromatic ring, so that the latter is strongly tilted with respect to the chain axis, as is the bipy ligand. In contrast, one of the carboxylate groups in complex 2 is pointing toward one side of the aromatic plane while the other is directed sideways and straddles the plane of the aromatic ring, while the aromatic ring itself lies nearly parallel to the chain axis. As a consequence of the different orientation of the carboxylate groups, the UU separation along the chain is shorter in 1 [7.8708(5) Å] than in 2 [8.7570 (7) Å]. The orientation of the two carboxylate groups of the 1,3-PDA 2ligand in 3 is analogous to that in 2, but the more elongated shape of the molecule results in a larger UU separation of 11.2486(10) Å.
The 1,3-PDA 2ligand is even more elongated in 4, and the UU separation slightly larger, at 11.9983(9) Å. The chains in 1 are arranged in twos of opposite chirality to form pseudo-tubular assemblies, these being stacked so as to form layers parallel to (001), as shown in Figure 2 .
Analysis of short contacts with PLATON 28 reveals two possible parallel-displaced -stacking Two complexes in this series, with the 1,3-and 1,4-PDA 2ligands, contain the Pb(phen) 2+ moiety as part of the neutral polymeric assembly, as is generally the case with this group or with Pb(bipy) 2+ due to the affinity of Pb 2+ for carboxylate donors which prevents its separation as a purely N-chelated complex. [36] [37] [38] [39] In complex [UO2Pb(1,3-PDA)2(phen)] (10), the unique uranyl cation is chelated by three carboxylate groups, while lead(II) is chelated by one carboxylate and phen, and is also bound to two more carboxylate oxygen atoms and the uranyl oxo atom O1 (Figure 8)  been found in "Pacman" macrocyclic complexes. 41 This interaction in 10 is probably rather weak since the difference between the two U=O bond lengths [U1-O1 1.775(4) Å, U1-O2
1.759(4) Å] is not statistically significant. The lead(II) cation is thus heptacoordinate, in an environment of irregular geometry (of the distorted tetragonal base-trigonal base type 42 ) which can be seen as hemidirected, a possible consequence of the Pb II lone pair. 43 Bonding of the soft nitrogen donors to lead rather than to the harder uranium agrees with HSAB principles, but it is notable that a similar experiment conducted with the 1,2-PDA 2isomer in acetonitrile led to complex 2, in which phen is bound to uranyl and Pb II is absent. One of the two 1,3-PDA 2- ligands (containing O3 to O6) has its two carboxylate groups pointing on the same side of the aromatic ring, and thus forms [UO2(1,3-PDA)]2 rings, while the other (O7 to O10) has one group straddling the aromatic plane. The neutral polymer formed is 2D and parallel to (001), but it appears to be built from ribbons containing uranium, lead and dicarboxylate nodes parallel to [100], arranged in roof-tile fashion and connected to one another by the oxo links ( Figure   8d ). The phen molecules protrude on the two sides of the very thick layers (15 Å) and (12) is an exception in the present series since it contains a mixture of two ligand isomers (other complexes with such mixed ligands, but devoid of metallic counterion, will be reported in due time). The aim here was to benefit from both the potentially convergent nature of 1,2-PDA 2-, as found in 6, and the divergent one of 1,4-PDA 2-, as found in 9 and 11, but the large flexibility of these ligands resulted in these expectations being somewhat thwarted, although the periodicity increase is nevertheless attained. The two inequivalent uranyl cations are both chelated by three carboxylate groups, and the metallic counterion is once more separate (Figure 10 ). The unique a b c d 1,2-PDA 2ligand adopts the same pseudo-C2 conformation as in 1, and is thus divergent. There are three independent 1,4-PDA 2ligands, two of them centrosymmetric. The latter adopt the divergent, trans conformation previously found, but the former has its two carboxylate groups pointing on the same side of the aromatic ring, and it can thus be considered as convergent. As a result, this latter, convergent ligand forms [UO2(1,4-PDA)]2 rings (containing U1 and its image by inversion), similar to those found with 1,3-PDA 2in 10, both being much flatter than the saddle-shaped ones in 6. These rings are arranged in rows running along [001], which are All the uranyl ion complexes obtained so far with 1,2-, 1,3-and 1,4-PDA 2ligands are summarized in Table 3 , which gives the ligand coordination modes, the periodicity and details 16 divergency does seem to be favoured overall. This is perhaps to be expected given that the preferred  2 -O,O' binding mode of the carboxylate groups must produce extremely large attachments on the aromatic ring. It is a factor which militates against the formation of discrete, closed polynuclear species such as those observed with various aliphatic dicarboxylates, 5, 9, 14, 15, 46, 47 although it would not seem that in their attainable convergent conformations the phenylenediacetates fail to meet the geometric requirements for formation of small, polynuclear closed species. 47, 48 Given that where such species are known, their formation is very dependent on the choice of counterion, the present results indicate that the phenylenediacetates are more resistant to these influences, since a cation such as, for example, NH4 + , which has been associated with closed-species formation in several other systems, 14, 15, 37, 47 does not have that influence here. However, the inclusion of NH4 + into the clefts defined by the saddle-shaped dimers in 6 is possibly indicative of structure-directing effects analogous to those leading to the formation of closed species. The possibility that the aromatic ring interactions of the phenylenediacetates may have a significant influence on the solid state structures, thus explaining their differences from aliphatic systems, appears to be denied by the fact that any stacking arrays are only prominent in the species where bipy or phen ligands are also present. The Hirshfeld surfaces do, however, provide evidence of peripheral aromatic-CHO interactions which, in systems where obviously a large number of different weak interactions are operative, may be sufficient to tip the balance towards open polymers rather than closed oligomers, the outcome being however quite unpredictable.
Luminescence properties. Emission spectra under excitation at 420 nm were recorded for complexes 1, 2, 4, 7-10 and 12-14 in the solid state, a sufficient quantity of pure sample being unavailable in the other cases. Complexes 13 and 14 are nearly non-emissive, probably due to the d block metal cation present (Cu II and Ni II , respectively) providing nonradiative relaxation pathways. [49] [50] [51] [52] [53] [54] In all other cases, the spectra display the usual fine structure associated with the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) electronic transitions 55 (Figures 13 and 14) . In all these cases in which well-resolved spectra are obtained, the uranium centres are in tris-chelated hexagonal bipyramidal environments. The positions of the four most intense maxima vary within a 8 nm range, the most blueshifted being those of complexes 8 and 12 (482, 500, 523 and 547 nm ± 1 nm), and the most redshifted being those of 1, 2 and 7 (488, 508, 531 and 555 nm). All these values are within the range generally observed for hexagonal bipyramidal uranyl carboxylate complexes with O6 or O4N2 equatorial environments, the latter environment corresponding to values in the upper part of the range, 39, 45 as for complexes 1 and 2. Larger redshifts are generally observed for complexes with uranyl ions in pentagonal bipyramidal environments. 39 Solid-state photoluminescence quantum yields (PLQYs) have been measured for complexes 2, 4, 7-10 and 12, and they are all very weak, at about 1%. Co 2+ , Ni 2+ , Cu + , Zn 2+ or Ru 2+ , L = bipy or phen, n = 2 or 3, and q = 1 or 2), these results provide an extended overview of the uranyl-complexing properties of these dicarboxylates. Although these are ditopic ligands which can adopt both convergent and divergent geometries, it is notable that none of the experimental conditions used provided a discrete polynuclear closed species or a polymeric triperiodic framework, although convergence plays an essential part in the formation of monoperiodic tubelike assemblies. 16 All three ligands appear to have a strong propensity, particularly marked for 1,2-PDA 2-, to bind to uranyl ions in the bis-chelating mode and to form 1D polymers, a tendency which can only be partially overcome through use of bulky counterions as structure-directing species, or additional, complexed metal cations.
CONCLUSIONS
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